Abstract: Quantitative evaluations of biomass accumulation after disturbances in forests are crucially important for elucidating and predicting forest carbon dynamics in order to understand the carbon sink/source activities. During early secondary succession, understory vegetation often affects sapling growth. However, reports on biomass recovery in naturally-regenerating sites are limited in Japan. Therefore, we traced annual or biennial changes in plant species, biomass, and net primary production (NPP) in a naturally regenerating site in Japan after windthrow and salvage-logging plantation for nine years. The catastrophic disturbance depleted the aboveground biomass (AGB) from 90.6 to 2.7 Mg·ha −1 , changing understory dominant species from Dryopteris spp. to Rubus idaeus. The mean understory AGB recovered to 4.7 Mg·ha −1 in seven years with the dominant species changing to invasive Solidago gigantea. Subsequently, patches of deciduous trees (mainly Betula spp.) recovered whereas the understory AGB decreased. Mean understory NPP increased to 272 g·C·m −2 ·year −1 within seven years after the disturbance, but decreased thereafter to 189 g·C·m −2 ·year −1 . Total NPP stagnated despite increasing overstory NPP. The biomass accumulation is similar to that of naturally regenerating sites without increase of trees in boreal and temperate regions. Dense ground vegetation and low water and nutrient availability of the soil in the study site restrict the recovery of canopy-forming trees and eventually influence the biomass accumulation.
Introduction
Forest ecosystems have an important role as carbon sinks. The amount of CO 2 uptake by forest ecosystems is known to be affected strongly by disturbances such as logging, fire, herbivory, and windthrow. Such disturbances most likely shift forests from a sink to a source of CO 2 because the uptake of CO 2 from the decreased gross primary production (GPP) is less than the corresponding losses of CO 2 from plant respiration and the decomposition of detritus [1] [2] [3] . After disturbances, the net CO 2 emissions decrease gradually as vegetation recovery progresses. Over time, these disturbed forests become a carbon sink because the increased GPP more than compensates for the corresponding losses of CO 2 [1, 3, 4] .
Of all the carbon balance components, the amount of plant biomass plays an important role in the ecosystem carbon cycle because it contributes greatly to the carbon stock [5, 6] and because it affects ecosystem productivity [7] . Carbon sequestration not only occurs in plant biomass, but also in soil organic matter derived from this biomass through litter supply. Therefore, although plant biomass (Lamb.) Carriere) in southern Hokkaido [2, 31, 32] . The plantation had some deciduous broadleaf tree species such as birches (Betula platyphylla Sukaczev var. japonica (Miq.) H.Hara, and Betula ermanii Cham.), Japanese elm (Ulmus davidiana Planch var. japonica (Rehder) Nakai), and a few spruce trees (Picea jezoensis (Siebold et Zucc.) Carrière). Ferns (Dryopteris crassirhizoma Nakai, and Dryopteris expansa (C.Presl) Fraser-Jenk. et Jermy) and a dwarf shrub species of Pachysandra terminalis Siebold et Zucc. were dominant in the understory [32] . The site has regenerated naturally after the catastrophic windthrow disturbance in September 2004 [2, 33] . Most standing trees at the site fell down. The trunks of fallen trees were removed by the summer of 2005. The soil surface was disturbed through logging work using heavy machinery. Many uprooted stumps, as well as coarse woody debris of branches and leaves, were left throughout the site.
Soil was classified as a pumiceous volcanogenous regosol with high water permeability and poor nutrients [31, 34] , with 1-2 cm of a fresh litter layer and 5-10 cm of a decomposed organic layer (A horizon). The A horizon and C horizon were stratified in order [34] ; the B horizon was lacking. According to the record of Tomakomai Meteorological station (located 13 km south of the study site) for 1981-2010 [35] , the annual mean air temperature was +7.6 • C, with monthly mean air temperatures of −3.8 • C (January) through +20.3 • C (August). Annual precipitation was 1198 mm with more than 70% of the precipitation occurring during the growing season (May-October).
Measurements
The species composition and biomass accumulation were monitored during the growing seasons of 2006-2014. We used species names following the nomenclature of the YList [36] . We used the data of the biomass and properties of the larch stand before disturbance, which were presented by [2, [37] [38] [39] .
Species and Biomass
Hereinafter, we refer to ground vegetation of herbs, grasses, ferns, shrubs, and saplings shorter than 0.5 m as the "understory" or "understory vegetation" irrespective of the presence or absence of canopy-forming trees. Moreover, we designate trees taller than 0.5 m as the "overstory" as a sense of overlying understory vegetation.
Aboveground biomass (AGB) of understory species was measured gravimetrically. In each year, a survey strip with 1 m × 100 m was installed in the study site to avoid harvesting a plot sampled in the past. Ten rectangular plots (1 m × 10 m) were located in the survey strip. Each plot was divided into 10 square subplots (1 m × 1 m), and aboveground parts of all understory vegetation were harvested in the peak growth season (from August through early September) of 2006, 2007, 2009, 2011, 2012, 2013, and 2014 . Except for 2012 and 2013, harvesting was implemented monthly or bimonthly during the snow-free season (May-December). The harvest plot during each sampling time within a year was at the neighboring subplot. The harvest was divided by species and subdivided into leaf, stem/branch, and flower/fruit parts, which were weighed after oven drying at 80 • C for more than 48 h.
Belowground biomass (BGB) of understory species was calculated by multiplying the root/shoot ratio (RS ratio) to AGB. In late August of 2014, to determine the RS ratio, we collected all aboveground and belowground parts (including coarse and fine roots) of the plants from fifteen 0.3 m × 0.3 m quadrats (ten from Solidago gigantea Aiton subsp. serotina (Kuntze) McNeill community, and five from the Rubus idaeus L. subsp. melanolasius Focke community); the RS ratio was calculated from their oven-dried weights.
Some deciduous trees grew to a height of 1-2 m in 2010. Therefore, the overstory tree biomass was measured separately from 2010. The species, height (H), and stem diameters at the ground surface (DS 0 ) and the breast height of 1.3 m (DBH) of overstory trees were recorded annually in three 20 m × 20 m permanent plots. Overstory tree biomass was separated into leaf, stem/branch, and coarse root parts. To form allometric equations for their parts, trees of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 5.5, and 7.3 m height (14 trees) were uprooted and separated into each part. Then, dry weights of stem/branch, leaf, and coarse root parts (BSB, BL, and BCR, respectively) were determined (Table S1) . The allometric equations were as follows. (1)
To correct the bias in log-transformed allometric equations [40] , the biomass of each part was multiplied by the correction factor (CF). The CF was 1.04 for BSB, 1.10 for BL, and 1.14 for BCR. AGB was calculated as the sum of BSB, BL, and BCR.
The mortality of overstory trees was evaluated based on population and AGB from the ratio of the numbers of dead trees to all living trees, and the ratio of dead AGB to all living AGB, respectively.
Leaf Area Index
Leaf area indices (LAI, m 2 ·m −2 ) of understory and overstory species were determined from total leaf area in units of ground area. Leaf area was estimated by multiplying the leaf dry weight (Table S2) by specific leaf area (SLA; ratio of leaf area to leaf dry weight in cm 2 ·g −1 ) of each species. To estimate the understory LAI, the SLA of each understory species [2] was used (Table S3) , and was totaled for each plot to determine LAI. To estimate the overstory LAI, the SLA of Betula platyphylla (the most abundant overstory species in the study site) was obtained as explained below: we sampled 100 leaves of Betula platyphylla in August 2014, measured their dry weight, and determined the leaf area using a scanner and leaf-area measuring software (Lia for Win32, ver. 0.376β1, Nagoya, Japan) [41] . Then SLA was calculated from the ratio of leaf area to leaf dry weight (Table S3) .
Net Primary Production
Annual net primary production (NPP) was evaluated from biomass in the peak growth period (August through early September, as shown in the result). This study site, which is at the early secondary succession stage, has both herbaceous (non-woody plants including forb, grass, sedge, and rush) and woody plants. Therefore, the NPP was evaluated separately. For example, NPP of the herbaceous plants is estimated from the annual maximum biomass unless plants die more than one time per year [42] . In contrast, the NPP of the woody plants was estimated from the sum of the annual difference in all biomass and the total amount of loss, such as dead leaves, branches, and roots [43] .
Because most understory plants are perennial species, we assumed that the belowground coarse roots survive overwinter. Assuming that the carbon losses attributable to herbivory, volatiles, and exudation are negligibly small, the NPP of woody species is expressed as shown below.
understory woody species NPP = c (∆AGB
overstory woody species NPP = c (∆AGB
In the above equations, constant c stands for the carbon content of the biomass (0.5), ∆AGB and ∆BGB respectively denote annual increments of AGB and BGB, BL and BFR respectively represent the biomass of leaves and fine roots, and TRFR is a fine root turnover rate. MT is the mortality of overstory trees. Suffix i represents the value in the previous year. If ∆AGB or ∆BGB are negative, they are set to zero. This equals to adding mortality.
For herbaceous species, annual NPP is the sum of AGB in the peak growth period (AGB), the increment of BGB (∆BGB), and fine root production (TRFR × BFR) (Equation (6)).
Therein, suffix j denotes the current year. In 2008 and 2010, understory AGB was missing observations; for these years the AGB was estimated from the yearly interpolation. Understory and overstory BL i were respectively estimated from the harvested and allometric-estimated litter biomass. In this study site, all overstory species are deciduous. There is only one evergreen woody species in the undergrowth (Pachysandra terminalis). We calculated the NPP assuming that the life of the leaves is one year. Similar to the calculation of woody species NPP, ∆BGB are set to zero if it is negative.
Understory and overstory TRFR were set at 0.25 (temperate shrubs) and 0.65 (temperate trees), respectively, which are the mean values of the fine-root turnover rates of each ecosystem in a meta-analysis (Table S4 ) [44] . Fine root biomass (BFR) of understory vegetation was estimated from BGB by multiplying the ratio of BFR and BGB (BFR/BGB). The ratio (BFR/BGB) of understory vegetation was obtained from root sampling in August 2014 (0.332, Table S4 ). The overstory BFR/BGB was set at 0.231 from data measured in an adjacent deciduous forest (Table S4 ).
Statistical Analyses
We estimated the yearly change in mean and standard error (SE) of AGB and LAI. The total AGB and LAI values were obtained from 10 destructive harvest plots and 3 permanent survey plots. The SE was obtained from the law of error propagation as follows,
where M 1 and M 2 are means, and SE 1 and SE 2 are SEs.
To determine whether there are any statistically significant differences among mean understory AGB or LAI of each year, one-way ANOVA was used. For estimating the RS ratio as a function of AGB, a simple linear regression analysis was tested between the RS ratio and understory ABG. All statistical analyses were conducted using a statistical software package (R, ver. 3.0.2; The R Foundation for Statistical Computing, Vienna, Austria).
Results

Change in Aboveground Biomass and Species Composition
Aboveground biomass (AGB) decreased drastically from 90. Figure 1 ). However, understory AGB decreased to 3.08 ± 0.40 Mg·ha −1 in 2014, offsetting the biomass increase so that the total biomass remained at 5-6 Mg·ha −1 .
Disturbance and the following succession drastically altered the understory species composition (Figure 1b ). Before disturbance, two fern species of Dryopteris crassirhizoma and Dryopteris expansa dominated, accounting for more than 80% of total AGB [38] . After canopy loss, Rubus idaeus took the place of the fern species, accounting for more than 60% in AGB until 2009. Thereafter, an invasive species, Solidago gigantea dominated instead of Rubus idaeus. After 2012, following the population increase of overstory species, the AGB of both Rubus idaeus and Solidago gigantea decreased considerably. In 2014, as a result, the AGB of Solidago gigantea became half of its peak, and Rubus idaeus almost disappeared. Dryopteris spp. and Schisandra chinensis (Turcz.) Baill., a deciduous woody vine species, increased corresponding with the increase in overstory biomass. The seasonality of understory AGB changed with elapsed time after the disturbance ( Figure 2 ). Peak biomass was observed in July or August when Rubus idaeus dominated (2006) (2007) , but was observed in early September when Solidago gigantea dominated (after 2011) (Table S5) . 
Regeneration of Deciduous Trees
In the study site, the canopy-forming trees were not established soon after the forest disturbance; they started to increase six years after the disturbance. After 2010, the population and biomass of deciduous trees (overstory species) increased remarkably (Table 1, Figure 1b , and Table S6 ). The contribution of overstory trees to total AGB sharply increased from 21% (2011) to 48% (2014) because of the increase in deciduous trees and the decrease in understory species. In 2014, the pioneer species of Betula platyphylla was the most abundant (1775 trees ha −1 ), followed by Betula ermanii (483 trees ha −1 ) (Table A1 ). These two Betula species accounted for 51% of the population and 78% of the biomass 
In the study site, the canopy-forming trees were not established soon after the forest disturbance; they started to increase six years after the disturbance. After 2010, the population and biomass of deciduous trees (overstory species) increased remarkably (Table 1, Figure 1b , and Table S6 ). The contribution of overstory trees to total AGB sharply increased from 21% (2011) to 48% (2014) because of the increase in deciduous trees and the decrease in understory species. In 2014, the pioneer species of Betula platyphylla was the most abundant (1775 trees ha −1 ), followed by Betula ermanii (483 trees ha −1 ) (Table A1 ). These two Betula species accounted for 51% of the population and 78% of the biomass of overstory deciduous trees followed by Magnolia kobus DC. var. Blume, which were abundant species before the disturbance, were also found (Table A1 ). The yearly mortality of deciduous trees increased during 2011-2014, from 4% to 12% based on population and from 1% to 3% based on AGB (Figure 3 , Table S6 ). The population-based mortality was higher than that based on AGB, indicating that small trees easily die. (Table A1 ). The yearly mortality of deciduous trees increased during 2011-2014, from 4% to 12% based on population and from 1% to 3% based on AGB ( Figure 3 , Table S6 ). The population-based mortality was higher than that based on AGB, indicating that small trees easily die. 
Leaf Area Index
The disturbance remarkably decreased LAI because of the loss of overstory (Figure 1c ). The total LAI before the disturbance was 9. (Table 2) . Understory BGB increased until 2011. It then decreased as the overstory BGB increased. The contribution of understory BGB to total biomass accumulation (AGB + BGB) decreased according to forest recovery ( Table 2 ). The proportion 
Belowground Biomass
Leaf Area Index
The disturbance remarkably decreased LAI because of the loss of overstory (Figure 1c ). The total LAI before the disturbance was 9.3 m 2 ·m −2 , of which 2.7 m 2 ·m −2 was for Larix kaempferi, 3.1 m 2 ·m −2 was for other overstory trees including broadleaved deciduous trees and evergreen conifers (Picea jezoensis), and 3.5 m 2 ·m −2 was for understory vegetation. Although the disturbance eliminated overstory LAI, understory LAI (mean ± 1 standard error (SE)) did not change much (3.85 ± 0.46 m 2 ·m −2 in 2006). Subsequently, the understory LAI was almost stable: 2.71 ± 0.35 m 2 ·m −2 -3.55 ± 0.61 m 2 ·m −2 . Overstory LAI increased from 0.40 ± 0.14 m 2 ·m −2 in 2010 to 0.76 ± 0.20 m 2 ·m −2 in 2014, which remained small even 10 years after the disturbance.
Belowground Biomass
A significant (p < 0.01) linear relationship was found between the RS ratio and AGB of Rubus idaeus (n = 5) and Solidago gigantea (n = 10) communities (Figure 4) . The regression line is expressed as:
Total BGB was 3.01-4.83 Mg·ha −1 for 2006-2014 (Table 2) . Understory BGB increased until 2011. It then decreased as the overstory BGB increased. The contribution of understory BGB to total biomass accumulation (AGB + BGB) decreased according to forest recovery ( Table 2 ). The proportion of fine root biomass to total BGB (BFR/BGB) of understory Rubus idaeus and Solidago gigantea communities (mean ± 1 standard error (SE)) was 0.332 ± 0.023 in August 2014 (Table S4) .
of fine root biomass to total BGB (BFR/BGB) of understory Rubus idaeus and Solidago gigantea communities (mean ± 1 standard error (SE)) was 0.332 ± 0.023 in August 2014 (Table S4 ). of fine root biomass to total BGB (BFR/BGB) of understory Rubus idaeus and Solidago gigantea communities (mean ± 1 standard error (SE)) was 0.332 ± 0.023 in August 2014 (Table S4 ). Abbreviation: AGB, aboveground biomass; BGB, belowground biomass; NA, data not available; 1 Disturbance type: WSL, windthrow and salvage logging; CB, clearcut and burnt; C, clearcut; 2 Type of dominant species: S, woody shrub; M, moss; H, herb; T, tree.
Net Primary Production
Discussion
Understory Species after Disturbance
A drastic change of species composition was observed at the study site. Rubus idaeus, a biennial caned Rosaceae species with ca. 1 m in height and the dominant species immediately after the disturbance, is known to become dominant after the disappearance of overstory species in boreal or cool-temperate forests in Europe and North America [50] . In northern Japan, this species similarly dominated after disturbance without undergrowth of Sasa spp. (dwarf bamboo) [51] , which is a competing species against Rubus idaeus [51] . The expansion and dominance of Rubus idaeus are expected to be common features in severely disturbed boreal and cool-temperate forests. The Rubus biomass increases according to an increase in light intensity [52] and soil disturbance [53] . Sasa spp. also increases distribution according to an increase in light intensity by gap formation or forest disturbance [3, 51, 54] , but the relation between Sasa distribution and site conditions, such as soil moisture or fertility, is unclear.
Later dominant species, Solidago gigantea, is an Asteraceae species with ca. 1 m in height. This species is native to North America and represents a common invasive species in central to northern Europe and eastern Asia, including Japan [55] . In Hokkaido Island, this species was introduced as an ornamental before the 1950s [56] . This species is light-demanding, grows in wide ranges of soil moisture and nutrient conditions, and is often found in open sites such as wetlands [55] , the forest margin, and gaps including those at disturbed sites [57] , abandoned farmland and grassland [58] , and ski slopes [59] . At the study site, Solidago gigantea also formed dense and monospecific communities, accounting for about 70% of the understory biomass (Figure 1b) , as reported by [55] . In previous studies, Rubus idaeus had been reported to dominate until trees began to form a canopy in Hokkaido (for 10-15 years) [51] , and North America (for 10 years) [60] . At the site studied here, however, Rubus idaeus had dominated for only four years after the disturbance before being replaced by Solidago gigantea (Figure 1b) . The expansion of Solidago gigantea during secondary forest succession has not been reported and might be a new phenomenon related to human activities, but the reasons are unclear and require further research
The earlier peak biomass of Rubus idaeus (Figure 2 ) is partly attributable to the phenology of this species. The aboveground part is biennial. The primocane (first-year stem) grows from spring through autumn, but the floricane (second-year stem) develops leaves in the spring and produces fruits and dies in the summer [61] . The early defoliation of floricane causes the peak biomass to be observed during the early summer [2] . In contrast, Solidago gigantea continued to grow until it bloomed [55] in August at the study site. The nutrient condition in the soil can also affect the timing of peak biomass. N deficiency accelerates senescence of leaves [62] . On the other hand, later peak biomass in 2009 during Rubus idaeus dominance is likely caused by the improvement of soil nutrient conditions, which as a result did not accelerate senescence.
Secondary Forest Recovery and Biomass Accumulation
Understory vegetation is influenced by the development of overstory trees through light and belowground competitions for water and nutrient resources [18] . The understory biomass temporarily increases with the canopy losses, but it reaches a peak [24] or decreases [18, 25, 28] with overstory recovery. In turn, overstory tree recovery is influenced by dense undergrowth through shading [19] and belowground competition [20, 21] , especially during the sapling stage. At this site, understory biomass increased for six years after the disturbance, but decreased from the eighth year after the disturbance with the recovery of overstory trees (Figure 1a) .
Because of the large contribution of overstory biomass to total biomass [18] , except for the initial stage of succession, the biomass accumulation rates in the whole forest ecosystems are greatly influenced by the recovery rate of overstory trees. Total AGBs in temperate or boreal forests without the recovery of canopy-forming trees within 12 years after disturbance were 2.3-5.9 Mg·ha −1 (Table 3 ; [20, 45, 46] ). In contrast, biomass accumulations four to six years after clearcutting of hardwood forest ecosystems with rapid establishment of pioneer trees were 7.9-32.6 Mg·ha −1 of AGB [47] or up to 34.6 Mg·ha −1 of total biomass [24] (Table 3) . At this site, where canopy-forming trees started to emerge six years after disturbance, AGB of 2.7-5.8 Mg·ha −1 and total biomass of 6.0-11.2 Mg·ha −1 was observed 2-10 years after the disturbance (Figure 1a) , which was similar to the case without the establishment of canopy-forming trees ( Table 1 ). The slow stand establishment is probably the result of dense cover by Rubus idaeus and Solidago gigantea, which compete with the saplings of canopy-forming trees.
The biomass accumulation rates of overstory trees are influenced by abiotic factors of temperature and belowground water and nutrient resource availability [42] , as well as biotic factors of above-described competition. In this study site, the root zone thickness (A horizon) was only about 0.10 m. Below the layer, there was a root-impermeable layer of pumiceous volcanogenous regosols [31, 34] . The soil is characterized by rapid drainage and low nutrient retention which is common with sandy soils. Forests on sandy soils, which have low water and nutrient holding capacity, tend to have low biomass accumulation rates [42] . The AGB in the study site 10 years after disturbance is similar to another Japanese site, but the BGB is about half that of the other Japanese site (Table 3) . At the study site, the low water and nutrient availability is also responsible for the slow overstory recovery and overall biomass accumulation, but additional research is needed to confirm this effect.
Increasing mortality after 2013 ( Figure 3 ) was probably caused by inter-specific and intra-specific competition (self-thinning), which can also result in slow biomass recovery of overstory trees. Wang et al. [29] reported that tree biomass decreased temporarily 15 years after disturbance in paper birch (Betula papyrifera) stands because of self-thinning in British Columbia.
Change in Productivity during Secondary Succession
For this study, we used root turnover ratios derived from previous literature for estimating belowground NPP. We analyzed the effects of the ratios on total NPP by adjusting the ratio by ±0.2. For understory herbs, grasses, and ferns, change in the turnover ratio altered NPP within ±8%. For trees, in contrast, the same change in the turnover ratio altered NPP only by <2%. These facts indicate that the calculated NPP is not highly sensitive to turnover ratios.
The NPP at this site during 10 years after disturbance (177-318 g·C·m −2 ·year −1 : Figure 5 ) was much smaller than that (781 g·C·m −2 ·year −1 ) before the disturbance, which was estimated as the sum of net ecosystem production (NEP) using the eddy covariance technique [32] and soil heterotrophic respiration by the closed chamber method [63] . This indicates that the productivity of the ecosystem has not sufficiently recovered from the disturbance. The NPP in this site was similar to the NPP (72-447 g·C·m −2 ·year −1 ) of a regenerating boreal black spruce forest 3-12 years after disturbance [26] , but smaller than the NPP (655-829 g·C·m −2 ·year −1 , assuming that C content of a plant is 0.5) of a naturally regenerating temperate forest where the canopy-forming trees recovered within four to six years [47] ). To examine the process of carbon accumulation after disturbance, many studies have used a chronosequence approach [25, [27] [28] [29] . All these results showed a monotonical increase in NPP or biomass during the early stages of succession. In contrast, total NPP in this site started to decrease eight years after disturbance. This NPP decrease during the early secondary succession, which has never been reported, resulted from the sharp decrease of understory biomass and, as explained above, might be associated with the forest structure change of canopy formation. Therefore, continuous monitoring is needed to effectively detect the drastically changing productivity and biomass during the early stages of secondary succession.
Possible Effects of Invasive Species on Succession and Carbon Accumulation
No reports in the relevant literature have described the domination of invasive Solidago gigantea during secondary forest succession. Such invasive species can accelerate the biomass carbon accumulation in some ecosystems [15, 16] . If a similar situation occurred, the invasion of Solidago gigantea enhances carbon accumulation during the early stages of forest recovery.
In contrast, invasion and expansion of Solidago gigantea can result in adverse effects on the carbon accumulation in the forest. A stand of Solidago spp. can inhibit the germination or growth of other species, including the ability of saplings of trees to form a canopy, because of dense shade [55] and allelopathy [22, 64] . Therefore, Solidago gigantea potentially restricts the growth of saplings, and consequently suppresses the overstory biomass recovery. Tall tree biomass occupies the substantial part of the total carbon accumulated in a forest ecosystem. Therefore, the growth inhibition of tall trees reflects the restriction of carbon accumulation in the long run. Further research about the relationships between the number or size of canopy-forming trees (including saplings) and undergrowth (Rubus and Solidago) biomass are required to clarify the effects of invasive species on forest biomass recovery.
Conclusions
Few studies have traced species and biomass accumulation at one site during early stages of secondary succession in Japan. We monitored the annual or biennial changes of species and NPP to assess the role of these factors and the understory vegetation on biomass accumulation in a cool-temperate forest of Japan. After disturbance, biomass recovery occurs slowly. The growth of trees was probably inhibited by both biotic factors, such as dense undergrowth and invasive species, and abiotic factors, such as the low soil water and nutrient availability. Thus, ground vegetation including invasive species, as well as soil properties, can affect the speed of recovering canopy-forming trees and eventually influence the carbon sequestration.
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